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ABSTHAC

The objective of this work is to identify electiode naterials maielectiolytes for lithium-ion cellsto be used in NASA’s Ncw
Millennium spacecraft and todemonstrate the advantapcet th technology, Recentprogiess  has shown thatthe electrode
fabrication method plays an important role. Thetestpeirloname. of cells containing these electrodes has led to the selection of
graphitc anodematerial, 1.iCoO, cathode material, Colgard 2500 <parator, and LM LPEH (in (3095 1.:C -t 70% DMC) electrolyte as
our base line 1.i-ion cell mate.rials. in addition, the exalnationol new alicinative non catbontvpe anode material in lLi-ion cells
is also discussed. We also applied the Taguchidesignincthodto sisistin the identification ol key cell design parameters. All of
the above factors mentioned, as well as the developinentotlos tinperature Li-ioncell systeins, are discussed below.

Introduction

Lithium-ion technology h a s cmerged as o vin'
alternative 1o the use of lithium metal inrcchmpeatk
Cells'”, This technology represents a new generation ofsile
lightweight, and high energy mcharge.able battenesiticalso
attractive due. to the capability of long cycle lilt cornbiud
with an energy den sity that exceeds all long lived agueons
rechargeable batteries. Our work has focused on desigig
and building “proof-of-concept” cells o f small siee (5250
mAhto3Ah) with §1iCoQ), positive and graphite negative
clectrodes. Specifically, the research has involved the sty
of new anode materials, cffect o f different typ s ol
clectrolytes, types of separators, electtode  fabiication
techniques, Taguchicell design studies, selectionofcn i
(coke or gt aphite) materials, and developmientol 11w
temperature rechar geable 1 .-ion cells. The 1. jor 1 el
chemistry in our present configuration offers prowsise for
future spacecraftapplicat ions. in this paper, we st el
the results of our recentstudiesonl i-ion cell developruent

Experimental

The anode materials used in this study were cithescar 1,
(colic, graphite) or non-carbon type (Mg,Siymaterialsthe
anode active matetials (carbon or Mg, Si) was mixed vith
polyvinyledene fluoride (PVdE)binder in the appropsate
solvent 10 produce aslurt y and spray-coated onhCoppaton
subs trates. In addition, Mg,Si anodes wete nmide vitha
Teflon (T11Y) birder in thesame manneradweie dso

evatuated. The positiveelectiode, using aluminum  foil as
sub strate, was made from a mixture of 1LiCoQ,, Shawinigan
black andPVdibinder. Microporous polypropylene, either
(elpard 2400 012500 wasused as the separator material.
The clect olyle used for cells containing either graphite
canthonortMg,Sianodevias 1 M1 iPE, in mixed (by volume
1atir) solvents containing ¢thylene carbonate (1C) and
et bonates (c.g. dimeithyl carbonate (DMC), diethyl
carbonate (DY C)). 1owever, the electrolyte used for cells
hiav ing cokeanodes was | m 1.iPY, in propylene carbonate
(°C) and dimethoxy ethane (1> M), The electiolytes were
stored undetlithium chips foratleast one week prior 1o use.
1 ixperinental spirally wound sealed cells were constructed
for performance  evalustion. All of the cell assembly
opctations were canned outinanoxygenand moisture free
glovebox ‘1 hetestec s were evaluated for charge and
dischirpe chatactensties, faradaic utilization of the electrode
active matetials, ate capability and cycle life, The test cells
weie discharged at constant current. Two methods (either
constant cutrent o1 constant voltage) were used for the
chatging of the test cells,

Hesults and Discussion

(1) Electrode Yabr ication Mcethod: | N addition to
somnepreviously inhouse developed electrode  fabrication
technigues (dipping, painting and pressing), a spray-coated
incthod was developed to prepare the cathodes and anodes on
I mil thick  aluminum  and copper foil substrates,
1espectivel ve PVdhmatenialwas used as the electrode binder




and its composition was 6 wi. % in the elecnodes,
average thickness of the anodes is 10 mil and s about
the thickness of those clectrodes made with a p
method on a grid-type substrate. From our experinents)
results, the combined effect of thin electrodes and vnife
loading increased the catbon anode utilization from |
mAh/g to 220 mAh/gm.

(2) Effect of Separator Type: Two types of sojs
(Celgard 2400 and 2500) have been evaluated in the {u
configuration. Both scparators are 1 mil in thickn: o
Celgard 2500 has a higher porosity than that of Cely.
2400. Upon dipping the two scparators into the 1M it
in (30% 1iC 4 70% DMC) electrolyte, it was ol
Celgard 2500 showed a betler wetting ability tow
electrolyte. The test results of cells containing  dilic.en!
separators indicated that the utilizable lithivm capacity of the
anode material in cells using Celgard 2500
increased substantially at the C/3 discharge 1aie,

the irreversible 1. capacity per gram of anode active
is about the same. The performance comparison :_
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active material in cells vsing the Celgard 2400 or 2500
separators is shown in Table 1.
Table 1. Evalvation of Separators
Tvpe Of Separator Celgard 2400 Celeard 25001
Material Microporous Mic _:_5::_,
| 3 PN PIRRURORN P LA PN
Thirknace T il !
| D PN leXeXord ),.,JV‘.‘
Wetability to I’lyte Good Very A 0o
Rev. Can. (mAh/e) 152 - 201 240 - 260
| Irrev. Cap. (mAh/p) 55 - 60 55 - 60
(3) Evaluation of Carbon Anode Materials: Scviial
graphite (KS-15 and  KS-44 graphite from Lonza, Osila

carbon, and JPL. graphite) and coke (Conoco, Mitsuh
materials were evaluated in full cells containing 1M |
in (30% EC 4 70% DMC) or 1M LiPE, in (50%
DME) electrolyte, respectively. The results indicate that 1he
coke materials evaluated showed a reversible 1
150 ~ 170 mAh/g and an itreversible 1.i capacity of 140 -
150 mAh/g. The giaphite materials can deliver a 103t
Li capacity of ~250 mAh/g and an irreversible 1.
60 ~ 90 mAh/g. The test 1csults of various
materials arc compared in Table 11,
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Table I1. Evaluation of Carbon Anode Ma

| Carbon Type Rev.Cap.(mAh/) :._.czsmg..,Awm_:ﬁé ;
[ Conoco Coke 150 15% _
| Mitsubishi Coke 170 130 H

Cf _T_m:___o: nan n !

:.; Graphite 250 60 _
252 62 _
KS-41 Graphite 252 92 ]

(4) Effect of Electiolytes on Anode Performance:
Theresult of previows electrolyte studies?® have shown that
the carbon anode performumcee is dependent significantly on
the clectrolyte type (salis and solvents) and composition
(volume poreentage of BC o PC). Recent studies on four
clectrolytes (IM 1Pl in 33% EC 4+ 33% DEC + 34%
DMC, IM LiPF, in 30% BC 4 70% DEC, 1M LiPI in
30% EC - 70% DMC, and IM LiPE, in 50% EC + 50%
DMC) indicated that the 1P, graphite/ 1.iCoQO, 1.i-ion cells
tvated  with the 1 thiee electrolytes can  deliver
comparable reversible 1i capacities (~ 250 mAh/g) and
mreversible 1 cape :7 (-- 60 mAh/g). Whereas, the cells
ining IM LiP) in 50% EC + 50% DMC electrolyte
yields a lower :.E__./:,_ﬁ 1i capacity (-~ 148 mAh/g) and an
Joge dreeversible 1i capacity (<113 mAb/g).  The
experimental results of Li-ion cells containing  various
clectrolytes are swmmetized in Table 111,

cont

Table I Eaaluation of Electrolytes

? e .::_p:.f!. _ Rev Cap.(mAb/g)  Irrev.Cap.(mAh/g)
a.:\uc‘_im- bMe nen “n
| 50/50 BC-DMC 148 T2
33/33/34 253 58
'C-DEC-DMC S
wCNN: _:lﬁ.-_: ﬂ AN g0

(5) Evalvation of w Anode Materials: Carbon
matenals (such as graphite, coke, pitch and PAN fibers) are
currently being evalvated in lithium: batteries as alternative
ode materials(l).  Some degree of success has been
achieved. However, the effort to look for other non-carbon
anode materials which have larger 1. capacity, higher rate
capability, smaller fist charge capacity loss and betler
mechanical stabi doiing cycling is continuing.  One
possibility is magnesium silicide (Mg,Si). i

It is evident
from the Mg 81 binimy phase diagram that Mg2Si is the
only compound formed between Mg and Si®. The
corapound Mg,Si has o Nuorite structure, which is face-
centered cubic, with Siatoms at the cube corners and face
I Mg atoms occupying all the tetrahedral sites.
This matenal was stadied as an anode material at 400 °C
using o molten salt 1?::?23 The proposed 1.1-Mg-Si
ternary phase diagram'” at 400 °C shows that intercalation of
Liinto Mg.Si will fonm the Mg and 1.,,Si, phases.
Howcever, the clecochemical and thermodynamic propertics
of Li, Mg, 81 at room tempetature was not studied. Thus, the
1 Mg.Si as an alternate anode material

centerns,

feasibility of usi




at ambient temperature in organic clectrolytecel 1 5i vt
known. Recently, we have. tried to intercalate 1 iintothis
material elcctrochemically at room temperaturcusinig  an
organic electrolyte. A voltage plateau at 260wy (ve 1)
was observed, which is very attractive for using this imotepial
as an alternate anode. The 1 . de-intercalation out o
Li*Mg?8i was also evaluated and the result is show

Figure 1.
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X-ray diffraction (XRD) analysis revealed that ifis passibilc
to electrochemically intercalate about onc 1 iporMe S
while still1etaining the crystal structure. The XRID tesuit
didnotshow cvidence for the existence of' the Mg o1l §i
phases. The  ambient temperature  electrochunnd
intercalation of l.iinto Mg,Si formal single phasc(shinsto
of multi-phases.  Continued 1 .i intercalation beyond the
composition 1. | Mg,Si caused the mater ial 1o becon
amorphous. lixperimental ME;Si/1.iCo0, cells. contain g
an €lect iglyte of 1.OM 1iPE in 1iC 4+ DMCwoere fihiicaned
and the electrical performance of these cells wis cvalu. 1141
The charge and discharge profilesof the cellsareshownin
Figure 2. Lxperimental results and observationsindicate thi
the Mg,Si clectrode integrity was good and stable gy the
non-aqueous organic electrolyte. These expet imental ¢ [l
have completed 70 cycles (1 figure 3).
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Figure 8 Cyuie'e performance of MgeSiLiCoO2 cell.

((, ) 1i-ion Cell Design Study: A task was initiated to
investigate the influence ofkey design parameters on 1 i-ion
cell porformance using arobustdesign approach (Taguchi
nicthod). ‘1 niseapenmental design approach has several
advantages, inchuding the option of  evaluating more than
onc vartablcat a time a< well as the benefit of being able to
reduce the numnberofexpaiments that need to be studied. It
slso hielps the study of the interaction between design
par amcters Under o cantract from P, Wilson Greatbatch
LD, ( WGL) applicd Taguchimethods to assess the. effects
ol desigh factors onliion cell (using coke anode)
peitonmance. [n the study. amatrix of 1.8 orthogonal array
was chosenfathe evaluationof seven design factors at two
levels, The seven fuctons investigated include: (1) cathode
materials, (2) anode matenials, (3) electrode  porosity, (4)
interelectrode spacing, (5) cell balance, (6) electrolyte salt,
and (7) elecurolyte soly enttype. It was found that the major
factors which controlthe cell performance are: cell balance,
cl eciolyte salt type,  clectiolyte solvent type., and type Of
Céarhon. Buased 011 the swinmary of the work, several cells
w il be fabnicated andtestedto confinn the feasibility of this
design approach.

(7) Low Temprerature li-ion Cell Study: Various
1echargeable batiery sy 'stems, such as Ni/Cd or Ni/H, have
attractive specific and power densities but limited operating
terper atncrange due tothe use of aqueous-based electrolyte
in most cases. In addition, the reatizabie efficiencies and
encrgy dersities of these systems are rather 1ow  at subzero
temperatures. The ambicnttemperatuie of some of NASA’ S
planctary missions wemch tower than -20 °C. This
necessitatesinsulation i the battery from extreme ambient
terperaties prevalentatplanctary  surfaces and possibly a
wan up ofthebatteryby another energy source. No
clectiochemicalsystermsaie known to function effectively in
such cold envitonments At JPL., we propose to carry out
studies Ieading to auidentification and evaluation of such a
cry openic battery system, based on our present understanding,
of theadvanced 17 and 1 1-ion battery systems. The limited
temporatare range of thiexisting battery systems s clue to




the freezing of the electrolyte solution at tempeaturesbdonw
-20°C. Accordingly, the proposed study begins withuse, .
of experiments leading to an identification of suit bl
electrolyte solutions based o n solvents that maintain 1,
liquid state at jow temperature. The goalof the (1( ctiolyie
sub-task is to identify an electrolyte with a conductivitv o
10" 1 0:S/clll in the temperature range of 40 10 0 “(
The specific objective of the electrode material. subtadis
to identify highspecific energy electrode materiatswithitass
tithium ion diffusivity at 1ow temperatures.

Summary

The recent progress of' ovr 1 i-ion cel developmentii,
been described in this paper. A spray-coated iicthod v
developed to fabricate electi odes with uniforn loa ] rrgm
predictable performance. The test results o f the elec o al
performance of cells containing these electrodes and dilicicnt
types of separatorsIcads to the selection of ( Jelgard 2 500 ax
a promising separator for 1 i-ion cells. in addition, wenv
identificd a new candidate 1 .i-ioncell chemistiy based ontix
Mg,Sianode. However, the detailed microstracture il ply s
changes still nced further investigation. By using  1he
Taguchi analysis, it has been determined thattheccli
performance is highly dependent On the key pararmcters, seh
as the electiode capacity ratio, types of electiolyic sndtyyi. s
of carbon. A ctyogenic Li-ion cell system basedon ivand
low temperature  electrolytes and electrode niater il wi s
currently under development for extreme  cenvionmental

application.
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